A prototypical office building meeting the prescriptive requirements of the 2008 California building energy efficiency standards (Title 24) was used in EnergyPlus simulations to calculate the energy savings potential of demand controlled ventilation (DCV) in five typical California climates per three design occupancy densities and two minimum ventilation rates. The assumed minimum ventilation rates in offices without DCV, based on two different measurement methods employed in a large survey, were 38 and 13 L/s per occupant. The results of the life cycle cost analysis show DCV is cost effective for office spaces if the typical minimum ventilation rate without DCV is 38 L/s per person, except at the low design occupancy of 10.8 people per 100 m 2 in climate zones 3 (north coast) and 6 (south Coast). DCV was not found to be cost effective if the typical minimum ventilation rate without DCV is 13 L/s per occupant, except at high design occupancy of 21.5 people per 100 m 2 in climate zones 14 (desert) and 16 (mountains). Until the large uncertainties about the base case ventilation rates in offices without DCV are reduced, the case for requiring DCV in general office spaces will be a weak case. Under the Title 24 Standards office occupant density of 10.8 people per 100 m 2 , DCV becomes cost effective when the base case minimum ventilation rate is greater than 42.5, 43.0, 24.0, 19.0, and 18.0 L/s per person for climate zone 3, 6, 12, 14, and 16 respectively.
Introduction
Adequate ventilation with outdoor air is critical for occupants living or working in buildings. Too much or too little outdoor air in an occupied space can cause problems. High rates of ventilation results in higher energy usage and energy costs for cold or hot climates while potentially increasing indoor air quality (IAQ) problems associated with high indoor humidity in warm-humid climates when the dehumidification capacity of the heating, ventilation, and air conditioning (HVAC) system is not designed for a high rate of entry of humid air. Low rates of ventilation, on the other hand, lead to higher indoor concentrations of a variety of indoorgenerated air pollutants. In office buildings with low ventilation rates, on average, occupants are less satisfied with indoor air quality and they experience more building-related adverse health symptoms (Seppanen and Fisk 2002) .
Most building codes require that a minimum amount of outdoor air be provided to ensure adequate IAQ. To comply, ventilation systems typically are designed to operate with a fixed minimum outdoor air supply rate usually based on design occupancy that is much higher than occupancy levels during most of the time. While measured data on the minimum ventilation rates in existing offices are limited and subject to large measurement error, a survey of 100 U.S. office buildings supported by the U.S. Environmental Protection Agency provides the best available data (Persily and Gorfrain 2008) . The measurements of ventilation rates in this survey collected when HVAC systems should be supplying minimum amounts of outdoor air were analyzed by the co-author of this report and indicate that, on average, minimum ventilation rates dramatically exceed code requirements that are typically 7.1 to 9.4 L/s (15 to 20 cfm) per occupant depending on occupant density (CEC 2008; ASHRAE 2007) . The high measured ventilation rates are partly a consequence of the low average occupant density in offices, relative to the design density, but may also be due to the absence, in most office buildings, of any real-time measurement and feed-back-control system for minimum ventilation rates.
To address the problems of too much or too little outdoor air, the HVAC system can use a DCV strategy to tailor the amount of outdoor air to the occupancy level. CO2 sensors have emerged as the primary technology for indirectly monitoring occupancy and implementing DCV: CO2 sensors monitor CO2 levels in the indoor air, and the HVAC system uses data from the sensors to adjust the amount of incoming outdoor air. If the HVAC system has an outdoor air economizer, the ventilation rate will be higher than indicated by the DCV controlled system when weather is mild.
Under the 2008 California Building Energy Efficiency Standards (Title 24) (CEC 2008), DCV is required for a space served by either a single zone system or a multi-zone system with DDC to the zone level that has an air-side economizer if the design occupant density is greater than or equal to 26.9 people per 100 m 2 (40 people/1000 ft 2 ), with some exceptions. General office spaces are not subject to the Title 24-2008 DCV requirement; however, given the evidence described above that minimum ventilation rates in offices without DCV are, on average, much higher than required in codes, a significant energy savings from DCV was hypothesized especially for the more severe California climates. The purpose of this assessment study was to estimate the energy savings potential and cost effectiveness of DCV for general office spaces through building performance simulation. The simulations assumed features of a typical medium size office buildings and were performed for typical climate zones of California.
Overviews of energy and environmental benefits of DCV systems, together with typical DCV design configurations and CO2 sensor technologies were well presented by IEA 1990, Fisk 1998 , Carpenter 1996 , Emmerich 2001 , and Schell 1998 . This assessment is different from other DCV energy savings analysis which used same design ventilation rates for the base cases as well as the DCV cases, while this assessment used the actual ventilation rates from two measurement approaches for the base cases, and used the code minimum ventilation rates for the DCV cases. This assessment serves to capture the boundaries of DCV life cycle cost savings for office buildings in California under various scenarios, which can be valuable reference to support the adoption of DCV for office spaces in future versions of Title 24.
Methodology
This assessment modeled the energy impact of DCV in terms of whole building energy performance which takes into account the integration and interaction of building components and systems. Instead of creating new building prototypes for this assessment, the DOE commercial building benchmark (Torcellini et al. 2008 ) for the medium-size office building was adopted. The medium-size office building was selected based on the US commercial building energy consumption survey (EIA 2003) indicating that office buildings were the most common building type, comprised the largest floor area, and consumed the most energy in the commercial building sector. The energy simulation model was modified to comply with the prescriptive requirements of Title 24-2008, including insulation level of building envelope, lighting power level, and HVAC equipment efficiencies. The Title 24 Standards occupancies were used, and DCV was added to the energy models. The energy usage difference between the base cases without DCV and the alternative cases with DCV are the HVAC energy savings due to the use of DCV, which include energy savings from cooling, heating, and supply fan. Source Energy MJ = Electricity kWh * 3.6 * 3.095 + Natural Gas MJ * 1.092
Where 3.095 and 1.092 are the source factor of the electricity and natural gas respectively.
The medium size office building
The medium size office building has a rectangular shape about 50 m x 33 m ( Figure 1 ). It has three identical stories with a total floor area of 4982 m 2 . Each floor has five thermal zones: four perimeter ones and one core. All five zones are assumed to be general office occupancy. The window-wall-ratio is 33%. The building does not have daylighting controls. The building is served by three packaged variable air volume (PVAV) systems with gas furnace for heating. One system serves one floor. Each of the three PVAV systems has an air side economizer which provides up to 100% of outdoor air for free cooling when indoor and outdoor conditions favor economizer operation. 
Outdoor air ventilation rates
For the base cases without DCV, a constant outdoor air flow of either 13.2 or 38.2 L/s (28 or 81 cfm) per occupant was used based on average weekday occupancy when the building is occupied and ventilated. These two values of ventilation rates are based on the measured results from a survey of 100 representative U.S. office buildings and unpublished analyses by the coauthor of this report. The survey is the only known U.S. study of ventilation rates and other indoor air quality conditions in a large representative sample of office buildings. Ventilation and HVAC airflow data from this survey are described by Persily and Gorfain 6 (2008). The survey took place for a broad range of weather conditions and the author analyzed data collected when the outdoor air temperature was above 22°C and, consequently, outdoor air supply rates should be at the minimum given the usual economizer control strategy. The resulting 13.2 L/s/person average minimum ventilation rate is based on analyses of peak measured one-hour average carbon dioxide concentrations, assuming that occupants emit 0.0052 L/s of CO2 and that the measured one-hour peak concentration is 80% of the true equilibrium CO2 concentration. The 38.2 L/s per occupant average minimum ventilation rate is based on use of air velocity sensors to measure outdoor air flow rate, or from the difference between supply and recirculation air flow, both measured using velocity sensors. The two resulting average minimum ventilation rates are very different and, at present, it is not known which value is more accurate.
For the alternative cases with DCV, the space minimum outdoor air flow was calculated, consistent with the Title 24 Standards, as the larger of: An average occupancy that is 50% of design occupancy was selected for the simulations to match typical practice in office buildings (Figure 2 , Title 24 Standards). The 50% average weekday occupancy was used together with the two base case ventilation rates (13.2 or 38.2 L/s per occupant) to set the constant minimum ventilation air flow for the base case simulations. For the DCV cases, the CO 2 demand controlled ventilation system will, however, increase outdoor air ventilation rates when occupancy is at a higher level. The energy savings potential of demand controlled ventilation is a consequence of its ability to match the rate of outdoor air ventilation with actual occupancy, which is often less than peak design occupancy. With a design occupant density of 10.8 people/100 m² (10 people/1000 ft²) for office buildings, the design outdoor air flow based on the per person requirement is the larger of 0.76 L/s/m² and a time varying rate that is always less than or equal to 0.89 L/s/m 2 (8.3 L/s/person X 10.8 people/100 m²). Two alternate design occupancy levels representing a 50% and a 100% higher occupancy are included in the analysis. Table 3 summarizes the minimum outdoor air supply rates for all cases.
For both the base cases and the DCV cases, the PVAV systems have air side economizers as required by the Title 24 Standards. Therefore the actual outdoor air flow can exceed the minimum ventilation rate when economizers operate. 
Simulation tool
EnergyPlus version 3.0, released in November 2008, was used to simulate the whole building energy performance of the selected medium size office building. The DCV algorithm implemented in EnergyPlus 3.0 is based on the calculation of space minimum outdoor air requirements for varying number of occupants and a constant component based on space floor area. EnergyPlus 3.0 calculates the system-level outdoor air requirement as the sum of space outdoor air flows, without considering zone air distribution effectiveness or system ventilation efficiency as required by ASHRAE standard 62.1-2007. This works fine for single zone systems or multi zone systems serving zones with same design occupancy and schedule. In this assessment, all spaces are assumed to be general offices with same design occupancy and schedule.
Cost estimates
In the DCV measure analysis (Taylor 2002) for the development of Title 24-2005, the DCV cost for a single zone system was estimated to be $575 which included parts and labor. Adjusted for inflation and multiple zones served by a PVAV system, the DCV cost for each of the three 8 PVAV systems were estimated to be $3085 (average $617 per zone X 5 zones). On the per building conditioned floor area basis, the DCV cost is $1.86/m 2 .
Based on a 15 year life cycle and 3% discount rate for an installed DCV system, the present value (PV) of energy costs were estimated to be $1.37/kWh for electricity and $7.3/Therm ($0.069/MJ) for natural gas in California (Eley et al. 2002) . These present values cost numbers were multiplied by the changes in annual energy consumption in the estimation of the present value of cost savings for the 15 year life cycle. From Figures 3 to 5 , it can be seen that with the reference outdoor ventilation rate of 13.2 L/s/person, only for climate zones 14 and 16 do the calculations indicate a marginal life cycle cost savings for DCV when the design occupancy is at 21.5 people / 100 m 2 . This is probably due to the fact that the DCV cases have higher design ventilation rates than the cases without DCV at a fixed ventilation rate of 13.2 L/s/person for all three occupant density levels. For the base case with a reference ventilation rate of 38.2 L/s/person, the without-DCV cases always have higher ventilation rates than the DCV cases for all three occupant density levels.
Simulation Results
From Figure 3 The largest estimated DCV life cycle cost savings and energy savings occur for climate zone 14 (desert) --this is due to the significant heating demand in winter and cooling in summer. For cooling dominant climates like climate zone 6 (south coast), the DCV savings mostly come from the reduction of outdoor air cooling during summer, while for heating dominant climates like climate zone 16 (mountains), the DCV savings mostly come from the reduction of outdoor air heating during winter Figures 2 to 4 do not show the base case minimum ventilation rates above which DCV become cost effective. To determine these pivot minimum ventilation rates under the Title 24 occupant density of 10.8 people per 100 m 2 , two more base case ventilation rates were studied for each of the five climate zones. Error! Reference source not found. summarizes the simulation results and the calculated pivot minimum ventilation rates using quadratic curve fit for the data points. It can be seen that under the Title 24 Standards office occupancy, the DCV becomes cost effective when the base case minimum ventilation rate is greater than 42. Table 3 , the actual peak occupant density was only 65% of the design occupant density. The analyses indicate the potential for significant energy and life-cycle cost savings from DCV in general office spaces if the base case fixed ventilation rate without DCV is 38.2 L/s per occupant. While this ventilation rate comes from measured survey data, a much lower rate of 13.2 L/s per occupant is derived from the same survey based on application of a different measurement method. With this lower reference ventilation rate, the modeling indicates that DCV is not cost effective except in the most severe California climates and in buildings with a high design occupant density of 21.5 persons per 100 m 2 . Unfortunately, it is not known which of these estimates of base case ventilation rates without DCV is more accurate. Also, the survey that yielded the ventilation rate data is from buildings throughout the U.S., while data from a representative survey of California office buildings would serve as a better reference. An accurate measurement of minimum ventilation rates in typical existing California office buildings is a multi-year project, and is a good candidate for future research.
While the main source of uncertainty is the uncertain base case ventilation rate as described above, other sources of uncertainty should be mentioned. The analysis was performed for the prototypical office building and results would vary somewhat to a small extent with building size and features. DCV capital costs and future energy costs are uncertain. If current inflation trends continue, the cost effectiveness of demand controlled ventilation may improve over time. Energy prices have been increasing faster than the general inflation rate (U.S. Census Bureau 2009). While we have not identified cost trends for the CO 2 sensors used in demand controlled ventilation, we suspect that the cost increase of mass produced electronic equipment is less than the general inflation rate. The EnergyPlus program used for the modeling computes the ventilation rates in buildings with DCV based on the number of occupants present in the building while actual DCV systems respond to the indoor concentration of occupant-generated CO2 which lags in time behind occupancy. The projected energy savings would be larger, but probably only modestly larger, if EnergyPlus modeled DCV based on occupant-generated CO2.
Conclusion
In California climates, DCV in general office spaces is expected to save significant energy and be cost effective only if typical ventilation rates without DCV are very high relative to the minimum rate required in codes. Under the Title 24 Standards office occupancy, DCV becomes cost effective when the base case minimum ventilation rate is greater than 42.5, 43.0, 24.0, 19.0, and 18.0 L/s per person for climate zone 3, 6, 12, 14, and 16 respectively. Until the large uncertainties about ventilation rates without DCV are reduced, the case for requiring DCV in general office spaces will be a weak case.
